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This study presents the recursive constraint bounding(RCB) method to reduce the cycle time
This method can cope with process noise as well
The main features of RCB method are its utilization of measurements at the
end of each cycle and its use of monotonicity analysis for determining the extremes of bias and
This method is investigated in simulation and evaluated by experiment in internal
cylindrical plunge grinding operation. The results from simulation and experiment show that it is
effective in reducing cycle time in spite of modeling uncertainty in the forms of process noise
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Fig. 2 The effect of cycle time reduction by
RCB on a typical constraint
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Fig. 5 Cycle time improvement by RCB where
the wheel was redressed at every cycle

Table 2 Control variables for the case where
the wheel was redressed for every
cycle

Interation| Cycle Times(sec) Ratizfejgn/s) Dizssfg

Number ol )
t t2 t3 th u
1 9.20 1 7.11 | 555 [ 24.8]| 3.1 38.7
2 76039 | 37012941 6.8 72.1
3 7.60 | 3.90 | 3.70 {29.3| 7.0 71.8
4 7.25 14041} 370 [30.0]| 8.0 75.9
5 7.26 1 403 ] 3.70 | 30.0] 8.0 75.9
6 7.26 | 403 | 3.70 | 30.0| 8.0 75.9
7 7.26 | 3.98 | 3.70 { 30.0| 8.1 76.6
8 7.26 1 398 | 3.70 | 30.0| 8.1 76.6
9 7.26 1390 370(300] 8.3 78.0
10 7.26 1 390 | 3.70 | 30.0| 8.3 78.0
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Table 3 Constrained variables and cycle gutd o Z £5o] AAAEH AAA A7he] v £ol
times for the case where wheel was o &2 Ao 2 AtE dE £ it 28 A
redressed for every cycle 2ol Fagha opdA 2 ARty g8l AANE &
Iteration Constraints, & Cycle Time, 7 rird 28t Al F AlZto RQPE"?‘H Ao
Number | g, g2 g3 g T(sec) At Alo]F A|Tto] WlwE7] Mol AAANEE 9ol
1 0.0]-0.0011]0.420 [0.5469  27.86 thated £5 QA4 A7He| AL 52)0] Y Aokt
2 |0.0[ 000040648 |0.4082 2126 250 = Wa Ato|Zd g /\]—o]i A 7he At
3 |0.0]-0.0005]0.643 |0.4333] 2120 3} AAaEA] Be Ao 16,7329 21 26%7t 247t
4 0.0} -0.0081 | 0.667 [0.5617 20.99 ddojgon AAAAZ T"‘E?’J'E]Z] ororth  AAAMA|ZE
5 0.0 -0.0118 | 0.671 |0.5882 20.98 o yaa o) Ao|Z AZE 21 7329 91 9637}
6 10.0]-0.009 | 0.663|0.5785  20.98 cer Ao o = ol AlolZo] Tl ACIA
7 0.0 -0.0065 | 0.687 |0.5738|  20.94 2of A28 RCBUE + WA relZ e wated A
8 0.0 -0.0068 | 0.660 |0.5675|  20.94 € AdaR et o 4% 104024 d@ Al 2
9 0.0 | -0.0114 | 0.686 |0.5888|  20.86 A7ZHe Fig. 69 28l Aoj¥4E Table 40 VEhH
10 |0.0!-0.0110]0.677]0.5739] 20.86 ek, g FEESE Table 5o YERARL
o L Table 4 Control variables for the case where
Aasd y%T_: T?‘f]‘a‘ Arpdel Lot Q82 nl the wheel was not redressed for every
gl‘% ﬂ%_a]'o:‘ol: ?\E}E}‘ ! CYCIE
Ineration Cycle Times({sec) Infeed Rates(zm/s)
Number £ to ts i us:
307 1 9.20 | 6.98 | 6.12 |24.7 3.3
Lo 2 6.88 4.97 3.88 [30.0 8.8
[ 3 6.86 7.04 3.88 | 30.0 6.3
25_~ 4 9.44 5.85 498 | 24.1 3.8
L 5 6.88 4.97 3.87 130.0 8.8
1t e 0 a 6 686 | 7.04 | 3.87 [30.0 6.3
820_— + + T 7 9.50 5.71 516 {241 3.6
F"} i + 4 + 8 6.89 4.96 3.87 130.0 8.8
@ [ 9 6.86 7.04 3.87 130.0 6.3
E 15 10 | 9510|568 |52 |241] 36
= 0
'g; I Table 5 Constraints and total cycle times for
O 10f o redressed the case where the wheel was not
- redressed for every cycle
F + non-redressed "
r Iteration Constraints, g J Cycle Time,
5 C Number | g, g g IR T(sec)
[ 1 0.0 | -0.0046 10.399]| 0.3972 28.30
L 2 0.0 | -0.0190 |0.681] 0.5583 21.73
0 Lt b S — i 3 1007]-0.0146 |0.659]| 0.5789 |  17.78
0 2 4 6 8 10 4 100 0.0008 0.658] 0.5696 | _ 20.26
Cycle Number 5 10.0]-0.0197[0.678] 0.5612 21.72
6 0.0 | -0.0129 |0.665] 0.5717 17.77
7 0.0 | -0.0028 |0.651] 0.6891 20.37
Fig. 6 Cycle time improvement by RCB where 8 0.0 ]-0.0232 10.673] 0.6891 21.72
the wheel was not redressed at every 9 0.0 | -0.0126 |0.691 | 0.6761 17.77
10 0.0 | -0.0043 |0.681] 0.6940 20,40

cycle.
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Fig. 7 (b) Internal grinding machine equipped
with control and measuring system
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k3=(1+m3b3)k3=1.1(8.41)=9.251
ka=(1+maba)ks=0.9(5.59)=5.031
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(0.0,
0.58)

—0.0020, 0.81,
(28)

[gml, 8m2, 8m3, gmél]:
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(t;, to. t3. w, uz sd)=[9.68, 3.70, 3.70, 24,

4, 105] (29)
g9e o Acliesz susgden, FEUS &
A o7 2ol oAt
[gml. gm2. 8m3, gm4]:[0.0, -(.0018, 0.69,

0.57] (30)
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Table 6 Control variables for the case with
maximum surface roughness of 0.7 um

Cycle Stage Infeed

) Dressing | Cycle
lteration Times(sec) Rates(#m/s)| {eaq Time
Number y .

t les | ts uy lus |selem/s)| T(sec)

1 (11.84|7.761624| 18 4 40 31.84

2 |11.30] 370|370 | 21 4 86 24.70

3 |12.80]5.46|4.72 | 18 4 n.a. 22.98

4 9.68 | 3.70 1 3.70 | 24 4 105 23.08

Table 7 Constraints for the case with
maximum surface roughness of 0.7¢m

Interation Constraints, g;
Numbe | g; g g3 g4
1 0.0 { -0.0015 0.41 | 0.40
2 0.0 | -0.0030 0.64 | 0.55
3 0.0 | -0.0020 0.81 | 0.58
4 0.0 | -0.0018 0.69 | 0.57

Table 8 Control variables for the case with
maximum surface roughness of 0.9¢m

} Cycle Stage Infeed Dressing| Cycle
fteration | Times(sec)  |Rates(¢m/s)| [ead | Time
Number ; |

tv | t2 | ts | ouy | ouo |Sétem/s)| Tisec)
1 |11.60|5.88|423| 19 | 4 66 2111
2 964370370 24 | 4 108 23.04
3 1977149 (370 23 | 4 n.a. 18.43
4 85|3.70|3.70| 28 | 4 125 21.90
5 |10.00/ 564405 23 | 4 n.a. 19.69

Table 9 Constraints for the case with
maximum surface roughness of 0.9#m

Interation Constraints, g;
Numbe g1 g2 g3 g4
1 0.0 -0.0052 0.60 | 045
2 0.0 -0.0026 0.72 1 0.53
3 0.0 -0.0017 0.85 | 048
4 0.0 -0.0031 0.79 | 0.57
5 0.0 -0.0014 0.89 | 0.52

_43_

6. d B

ol dFelXe FHe 73‘?:"—1‘31 Z2dd =] gl
Zdg ulolojx Bk ozl Fgo thA3s] st
A RCB(Recurswe Constraint Boundlng)“‘
9 AzxFE HAHgole] HE sMsAdl U@ A7E
it

RCBYS 2844 ¥Fe Jg& Mddsly
R=EUME &g Agsigon 1 ﬂz
71 $l8ta] 7t Ale|Ee] oA FEuwige
ERdpit=

o] W2 UYnH 9%
goldez zAEReH HA d4gHd st

L.
L

O

A AT dstd A g

Aoz HrHnt. AlEdold 2 o Wye =y
gtoloj s} 28] ERel® 7ty FL2AL VF
AI7IRA Atel & AIHE AE F doe A& BdF
AT EF, o] At Hlw HES] A 0.7xm
% 0.91me] EFAALY] FE&2o] thate] Ww dat
d8E FYIRT. 4¥2H 0.7pme] FRALY 7
Szxe] A% vl WA Ato]Eel 7.76%9] Alo]EA|
T HeE 24E £ AU

0.9xme ERAL7] F&29] Z4 A HA Al
2 ol 9.2829] Aol 2 A4 g DA EIAT

FF Eg ddcle 2ae 7] daide ot
ZMe] dFo] FeHojold Aoz AlgHr),

%70 B dre #2059 wr3eun
A7 o FYPGon old g
=y

212 g 8

1. A. Bhattacharyya, R. Faria-Gonzalez and
I.Ham, "Regressiion Analysis for Predicting
Surface Finish and its Application in the
Determination of Optimum  Machining
Conditions”, Trans. ASME, Vol. 92. pp.
711-714, 1970.



.M. L. Brown and D. E. Whitney. "Stochastic
Dynamic Programming Applied to Planning of
Robot Grinding Tasks Part 1-Problem
Formulation”, Control of Manufacturing
Processes, ASME. DSC-Vol. 28, pp. 115-123,
1991.

. N.Chiu, "Computer Simulation for Cylindrical
Plunge Grinding”, M.S. thesis, Uni.
Massachusetts, 1989,

. G.Xiao, S. Malkin and K. Danai, "Intelligent
Control of Cylindrical Plunge Grinding’,
Proc. the 1992 American Controls

Chicago, pp. 391-398,

of
Conference,
1992.

.D. 8. and S.
“Optimization of Multipass

Ilinois,

Kromodihardjo.
Turning With
Constraint”, ASME Journal of Engineering
for Industry, Vol. 103 pp. 462-468. 1981.

. D. G. Luenberger.

Ermer

“Linear and Nonlinear
Programming, Addison-Wesley, 1989

. 8. Malkin. “Grinding Technology: Theory and
Application of Machining with Abrasives,
Chapter 10: Optimization, Adaptive Control,
and Intelligent Grinding”, John Wiley &
Sons, 1989.

.D. Y. Jang and A. Seireg,
Parameter Optimization for Specified Surface
Conditions”, ASME J. of Eng. for Industry.
Vol. 114, pp. 254-257, 1992.

“Machining

- 44 -

9. Y. Koren, "Flank Wear Model of Cutting
Tools Using Control Theory’., ASME J. of
Eng. for Industry, Veol. 100, No. 1, pp.
103-109, 1978,

10. Y. Koren and E. Lenz, "Mathematical Model
for the Flank Wear While
With Carbide Tools”,
Trondheim, 1970.

11. S.Malkin, "Practical Grinding Optimization”,
Manufacturing Technology Review, SME
Paper No. MR 86-637, pp.123-140. 1987

12. P.Y.Papalambros and D.J.Wilde. "Principles
of Optimum Design”, Cambridge University
Press, Cambridge, Massachusetts, 1988.

13. M. J. D.
Constraints that Use Lagrangian Functions’,

Turning Steel

CIRP Seminar, June,

Powell, “Algorithm for Nonlinear
Mathematical Programming, Vol. 14,
pp. 224-248, 1978.

14. A. Rao and S. Malkin. "Process Monitoring
for Intelligent Control of Grinding”. 4th
International Grinding Conference,
pp. 511-512, 1990.

15. R. Ivester and K. Danal.

Reduction in

"Cycle Time

Turning under Modeling
Uncertainty”, American Control Conference,

pp. 1986-1990, 1993.



